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Abstract--In vitro selection techniques provide a means of isolating nucleic acid ligands for binding to particular protein targets. 
Although most aptamers have quite high affinities for their target proteins, it has been shown that post-SELEX modification can 
result in further enhancement of binding affinity, as well as other desired properties. This has led to the current development of a 
more systematic approach to aptamer optimization using a combinatorial screening methodology. © 1997 Elsevier Science Ltd. 

Introduction 

Screening synthetic chemical libraries for a broad 
spectrum of desired functions has become a powerful 
tool for drug discovery, catalyst generation, and the 
study of structure-function relationships. These librar- 
ies have been comprised of linear polymers, such as 
peptides and oligonucleotides, as well as branched small 
molecules with chemically diverse substituents. The 
focus of our research has been the isolation of 
oligonucleotides that are capable of binding to mole- 
cular targets with both high affinity and specificity. 
These ligands, although well suited for their selected 
function, typically undergo subsequent modification to 
enhance other desired properties. The development of 
a combinatorial approach to such modifications is the 
topic of this work. 

SELEX: oligonucleotide combinatorial paradigm 

'Systematic evolution of ligands by exponential enrich- 
ment' (SELEX) is a protocol in which vast libraries of 
single-stranded oligonucleotides are screened for de- 
sired activities. The first SELEX experiment on single- 
stranded oligonucleotides was published by Tuerk and 
Gold)  Many combinatorial chemistry paradigms are 
one-shot screens; that is, the library is not capable of 
amplification after the first screening. Peptide combi- 
natorial chemistry systems include both nonamplifi- 
able 2'3 and amplifiable 4 versions. In general amplifiable 
combinatorial chemistry methods allow more thorough 
screening for extremely rare compounds, uncompli- 
cated by many of the background problems intrinsic to 
nonamplifiable systems. 5 SELEX is an oligonucleotide 
discovery system; that is, the compounds sought (as 
drugs, as diagnostic reagents, as catalysts, etc) are 
oligonucleotides and have been called aptamers. 6 While 
the first SELEX experiment was performed with an 
RNA library (using the four natural nucleotide mono- 
mers of RNA), it was clear that single-stranded DNA 
and many modified oligonucleotides also were suitable 
sources of shape diversity. The idea was that oligo- 

nucleotides were not only tapes, but were also shapes, 
and that sufficiently large oligonucleotide libraries were 
more representative of 'shape space' than other 
combinatorial chemistry libraries. SELEX has been 
used to find a large number of novel catalysts and novel 
binding reagents; these experiments have been reviewed 
in detail elsewhere] 

The SELEX procedure usually is initiated with a vast 
library consisting of some 1014-1015 randomized oligo- 
nucleotide sequences (greater than typical combinat- 
orial chemistry libraries by a factor of 101°!). The 
molecular diversity is created by randomizing nucleo- 
tides, often between two fixed sequences that are used 
for amplification. For randomization over N nucleotides 
with four monomers, the sequence space is 4 N. Linear 
oligonucleotide sequence diversity drives shape diver- 
sity, and these libraries yield molecular shapes that were 
unanticipated by our prior knowledge of nucleic acid 
structures. No-one knows what fraction of the 1015 
sequences of single-stranded oligonucleotides, random- 
ized over, for example, 50 nucleotides, have functional 
shapes. We think that the fraction is substantial and 
greater than the structured fraction of 1015 peptides 
randomized over a comparable distance, even if those 
peptides are constrained by, for example, disulfide 
bonds between cysteines. 8 

The SELEX methodology is outlined in Figure 1. 
Partitioning is a key step that occurs during the 
screening. In this step, the oligonucleotide library can 
be screened for binding to a molecular target or for 
performing a catalytic function. During a round of 
SELEX a subset of the initial library that performs the 
catalytic or binding function is amplified so that the 
subsequent screening round is performed on only the 
library members that survived the earlier round. While 
physical partitioning has been successful, selective 
amplification can be achieved without physical parti- 
tioning by coupling the availability of the fixed 
sequences for amplification to the event being selected. 9 
Partitioning is extremely important, especially during 
the early rounds, since we have found that many useful 
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Figure 1. Diagram of the SELEX process. A library comprised of 10 ~5 
sequences of single-stranded oligonucleotides is prepared. Each 
sequence contains a random region flanked by fixed sequences, 
labeled A and B here, that allow for amplification and transcription. A 
round of SELEX consists of partitioning the library based on function 
followed by amplification of the selected population. After several 
rounds the resulting population is cloned and sequenced. 

oligonucleotides identified with SELEX are present in 
the initial library in small fractions, perhaps as low as 
10-13. 7 

At this point aptamers for more than 100 protein 
targets have been isolated, with more than half of the 
examples published. The weakest affinity reported for 
any protein target for which the SELEX experiment 
was done thoroughly is a Kd of about 100 nM. 7 The 
target of that SELEX, nerve growth factor, is an 
extremely basic protein and has quite high nonspecific 
affinity for nucleic acids. As noted by Irvine et al., such 
proteins would be more difficult targets for SELEX 
because of a signal-to-noise problem. 50ligonucleotides 
aimed at every other protein target have higher 
affinities, with Kd values in the range of nanomolar to 
picomolar. Thus for protein targets SELEX yields 
compounds with affinities comparable to or better than 
the affinities of antibodies, especially when one 
considers that most reported antibody affinities are 
for bivalent reagents, or interactions between a soluble 
target and a patch of high density ligand on a matrix, or 
both! The Kd values reported for SELEX-derived 
oligonucleotides are true solution affinities, uncompli- 
cated by issues of cooperativity or avidity. Although the 
focus in this discussion is often on inhibition and 
antagonists, it can be easily envisaged that, in the case 
of receptors, antagonists can be converted into 
agonists. ~°,11 

Finally, aptamers for any target protein can be 
discovered with SELEX regardless of the protein's 
native function. Regulatory proteins, housekeeping 
proteins, receptors, growth factors, enzymes, any 
protein at all can be the subject of a successful SELEX 
search for a high affinity oligonucleotide ligand, j2 
Recent excitement about proteins that bind nucleotides 
in nature and the capacity of those proteins to perform 
some regulatory event by binding is only the begin- 
ning. 13 SELEX will greatly expand our understanding of 

protein-nucleic acid interactions. 14'15 All proteins can 
have high-affinity oligonucleotide ligands, even if those 
proteins don't interact with nucleotides as part of their 
native function. 

At the completion of the SELEX process the subset of 
surviving sequences are determined. When more than 
one sequence is obtained (which is always the goal), 
consideration of the sequence set shows conserved 
sequence and structural elements. This kind of com- 
parative sequence analysis has been particularly pro- 
found in the study of phylogeny in work pioneered by 
Woese and his colleagues. 16'17 SELEX of course has no 
phylogeny 18 but rather is the culling from a vast pool of 
totally unrelated sequences that were present from the 
beginning of the selection. Nevertheless, in practice, 
comparative sequence analysis has been used to identify 
both sequence and secondary structure conservation to 
aid in the development of three-dimensional (3-D) 
models. 19'2° Usually, but not always, the conserved 
sequences within a ligand family are found within a 
fixed location in the predicted secondary structures of 
the ligands. The winning sequences form 3-D structures 
whose details await actual structural determination. 21-24 

The molecules identified with SELEX can be char- 
acterized more fully by post-SELEX experiments in 
order to define those atomic features of the ligand 
responsible for the binding activity. Typically only a 
small subset of nucleotides from a given SELEX- 
derived sequence is directly responsible for high-affinity 
binding. Truncation experiments have been used to 
define the ligand boundaries necessary for full binding 
activity. This results in the identification of nucleotide 
motifs shorter than the full length ligands, often from 25 
to 40 nucleotides in length, and usually missing the fixed 
sequences utilized during the SELEX rounds for 
amplification. 25 

Further characterization of the ligand/target complex is 
possible through chemical probing in the presence and 
absence of the target molecule, a set of techniques well 
known as footprinting and binding interference. In 
these experiments, chemical reactivity depends upon 
solvent accessibility of specific functional groups on the 
ligand, targeted by a variety of chemical probes. 26'27 
Differential chemical reactivity with respect to bound 
and unbound molecules identifies those aptamer atoms 
in direct contact with (or at least in proximity to) the 
protein target. Alterna~tively, chemical modification in 
the absence of the target followed by selection can 
reveal positions where modification interferes with 
function. In addition, chemical- and photo-crosslinking 
experiments can identify protein aptamer contacts. 
With a known protein 3-D structure, such crosslinking 
data can be useful for modeling the complex, identifying 
an array of potential side chain and aptamer contacts to 
be exploited in library design (see below). Figure 2 
displays the results of such crosslinking and chemical 
probing experiments on an aptamer that binds to 
human L-selectin. 28 The chemical probing data suggest 
two faces of the aptamer that interact with L-selectin, 
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specificity through post-SELEX modifications. Modi- 
fied ligands can be prepared and screened for enhanced 
binding activity and/or other properties such as 
improved pharmacokinetics, tissue distribution, and 
nuclease resistance. For this discussion we note the 
ease with which modifications can be made in and 
around the binding interface, trying to identify nucleo- 
tide adducts that provide extra binding energy with the 
intended target protein. As an aside, we have made 
possible SELEX itself with modified oligonucleotides in 
the starting library, taking advantage of new synthetic 
triphosphates. A variety of chemistry is known for the 
modification of ribonucleosides. 29 Optimally, modified 
nucleotides would be made by chemistry that does not 
require any additional protection/deprotection steps. 3° 
We have worked out palladium catalyzed methods for 
the assembly of modified UTPs and established that a 
variety of substituents may be attached to the 5-position 
of UTP that are compatible with the enzymology of 
SELEX. Aromatic, alkyl, heterocycle, amino acid and 
other groups can be incorporated into SELEX ligands 
via modified UTPs. 31 These substituents can be used to 
fine-tune the electrostatic and hydrophobic interactions 
of the nucleic acids and their targets. 

Figure 2. Mapping protein contacts to an aptamer. (a) The secondary 
structure of an ssDNA aptamer, a 26 nucleotide stem-loop with an 
internal asymmetric AA bulge, that binds to L-selectin is displayed 
along with chemical probing and crosslinking results. The chemical 
protection and crosslinking data are schematically presented on the 
proposed secondary structure of the DNA aptamer. (b) A 3-D model 
of the aptamer (white) is shown, with the footprinting sites and 
crosslinking groups colored as in (a), above the protein target L- 
selectin (blue) with crosslinking residues colored red. (c) A model for 
the aptamer/protein complex was generated consistent with the 
photocrosslinking data, Phe44 stacked on T15, and reductive 
amination data, Lys87 near a 3'-aldehyde moiety. Aptamer binding 

. . . .  2 +  is also EDTA sensltwe, suggesting a possible role for the Ca 
(orange) in oligonucleotide binding. 

and the crosslinks constrain the aptamer's location at 
two points. It is clear from the model that only a small 
set of atoms in the molecule make direct contact with 
the protein target. Further, these atoms are clustered 
spatially along a relatively small region of the aptamer 
surface. These groups are probably key to the high 
affinity interactions of the aptamer for L-selectin 
protein. 

Results  and Di scuss ion  

Post -SELEX modi f icat ion  

After SELEX ligands have been isolated, either with 
native or modified bases, the option exists for post- 
SELEX modification of bases and/or riboses. There are 
several examples of post-SELEX modifications that 
result in enhanced binding over the original sequence. 
The affinity of a DNA aptamer to basic fibroblast 
growth factor (bFGF) was improved by single-sequence 
site substitutions of modified thymidine bases. 32 The 
substitution site corresponds to a position of low 
sequence conservation surrounded by highly conserved 
residues in a tetraloop (Fig. 3a). Two substitutions were 
introduced, namely 5-[N-(aminoethyl)-3-acrylamido]de- 
oxyuridine and 5-[N-(aminohexyl)-3-acrylamido]deoxy- 
uridine, and each improved the affinity of the original 
aptamer, the latter by over fivefold. In another example 
post-SELEX modification was performed on an apta- 
met to vascular endothelial growth factor (VEGF) 
isolated from a modified oligonucleotide random 
library containing 2'-aminopyrimidines with the intent 
of increasing stability against enzymatic degradation. 33 
Derived from an active parent sequence, multiple pools 
of 2'-O-methylpurine substituted aptamers were synthe- 
sized. Each pool contained only three to four sites of 
substitution. After affinity partitioning of each pool, 
sites of tolerated substitution were identified using 
alkaline hydrolysis and electrophoretic analysis. The 
combined results of these experiments led to the 
synthesis of a molecule in which the ribose 2'-hydroxyl 
was replaced with 2'-O-methyl in 10 out of 14 purine 
positions. The resulting molecule, shown in Figure 3(b), 
not only exhibited increased nuclease resistance but 
also had a 17-fold increase in binding affinity to VEGF 
over that of the original aptamer. 

Although the high affinity aptamers derived from 
SELEX experiments usually exhibit a high degree of 
specificity, it is possible to improve both affinity and 

A dramatic change toward higher affinity ligands could 
be achieved by the introduction of either reversible or 
irreversible crosslinking groups. An oligonucleotide that 
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Figure 3. (a) The proposed secondary structure of the bFGF DNA 
aptamer used for post-SELEX modification. The two modified 
deoxyuridine nucleosides shown were substituted for the thymidine 
nucleotide denoted in bold and marked by an asterisk. (b) The 
proposed secondary structure of the VEGF aptamer used for post- 
SELEX modification. 2'-O-methyl purine nucleotides are in bold-face 
and the remaining ribopurines are numbered. The 2'-aminopyrimi- 
dine nucleotides are denoted in lower case. 

binds tightly and specifically to a protein target is likely 
to have various nucleotides in proximity, when bound, 
to potentially reactive amino acid side-chains of the 
protein target. Correct substitution of an appropriately 
reactive nucleotide within the aptamer would allow 
crosslinking to the protein. 34'35 A library of oligonucleo- 
tides, each containing one or more reactive adducts 
could be mixed with the protein target and chemical 
crosslinking d e m a n d e d  for capture during partitioning. 
Successful crosslinking would allow the protein target 
and the covalently bound oligonucleotide to be parti- 
tioned by any barbaric procedure, including, for 
example, denaturing gel electrophoresis. Such covalent 
complexes could be isolated from the gel and amplified 
to provide the subset of oligonucleotides that cross- 
linked to the protein target. Exactly that protocol has 
been successfully developed and implemented with 

HIV-1 rev protein. 36 The resulting compounds provide 
high binding and clean crosslinking specificities, prob- 
ably because covalent SELEX demands both binding 
and suitable juxtaposition of a reactive nucleotide with 
an appropriate amino acid. 

Because SELEX is a thermodynamic process relying on 
competitive binding, any reversible linkage is compa- 
tible with the SELEX process as long as the kinetics of 
equilibrating the nonspecific crosslinks are sufficiently 
fast (1 h-1 day) to conduct the partitioning. For 
irreversible crosslinking the reaction rate must be 
significantly slower for the nonspecific or lower affinity 
binders as compared to the 'winners'. In other words, 
specific high affinity binding must precede the chemical 
reaction. In addition, irreversible crosslinking SELEX 
requires (as above) an amplification protocol that is 
compatible with the crosslinking chemistry. 

Crosslinking SELEX could also be performed as a post- 
SELEX exercise. This would guarantee that high 
affinity binding would precede chemical reaction since 
the starting pool would have been preselected for such 
activity. But rather than testing single substitutions for 
crosslinking, a pool of molecules derived from a high- 
affinity sequence would be best. Indeed, for post- 
SELEX optimization of binding affinity with functional 
groups not present in the original library, a combina- 
torial approach would offer enormous advantages. 
Many more possible substitutions could be tried over 
many more positions. Multiple concurrent substitutions 
could result in activity not predicted by single events. 
For these reasons, a combinatorial approach to post- 
SELEX optimization of aptamers is being developed. 

Post-SELEX combinatorial aptamer modification 

Any combinatorial chemistry protocol may be generally 
described as three separate activities, molecular library 
synthesis, selection or screening, and structural decon- 
volution. Numerous factors must be taken into account 
at each step to assure convergence on the 'best' drug 
leads from the starting pool. In this section we will 
discuss combinatorial approaches for the modification 
of SELEX-derived aptamers. Some of the possibilities 
for synthetic modification, selection and structural 
deconvolution of modified aptamers will be described. 
The protocol begins with a defined sequence which is 
embellished with various new functionalities. The 
examples given only serve as a starting point for creative 
solutions to the post-SELEX enhancement of in vivo 
efficacy of aptamers. 

RNA library synthesis 

Clearly, there are a plethora of reactive sites on an 
RNA aptamer that may be elaborated by a broad array 
of synthetic chemistries. Modification may be per- 
formed on the heteroatoms (oxygen and nitrogen) and 
double bonds of the bases, hydroxyls of the ribose and 
the phosphodiester backbone. Our initial research has 
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been on synthetic methods for modifications of the 
pyrimidine and purine bases at specific locations and 
the T-hydroxyl of the ribose. The decision of what 
functionalities to include in the library can be influ- 
enced by the knowledge of what protein side-chains are 
in contact with the aptamer and the extent of solvent 
accessibility. This information can be obtained by 
traditional chemical footprinting and crosslinking tech- 
niques (Fig. 2c, L-selectin/aptamer model) as well as 
NMR spectroscopy and X-ray crystallography. Once the 
preferred sites of aptamer modification have been 
determined the question arises as to how to prepare 
the library. 

In general, combinatorial chemistry library synthesis 
may be accomplished by mixed synthesis, split synthesis 
or parallel synthesis. 37 Both solution- and solid-phase 
synthesis techniques have been used. Recently, the 
combinatorial chemistry paradigm has shifted away 
from mixed synthesis of thousands of compounds to 
libraries containing a few hundred members because of 
the 'weak lead' problem. This problem results from 
multiple modest affinity molecules giving rise to a large 
positive signal, masking the activity of superior leads 
present at lower concentrations in other mixtures. The 
'weak lead' problem is common and is a direct result of 
the difficulty in screening/deconvoluting mixtures. 
Nevertheless, for aptamers, mixed synthesis is preferred 
and less prone to these difficulties because of the 
exquisite specificity of the starting aptamer for its target 
and the use of stringent partitioning techniques. Here 
we describe a mixed synthesis solid phase approach that 
may be applied to aptamers to generate tens of 
thousands of compounds in the library. 

In the library-mixed synthesis there are two options: 
either assemble the RNA with a mixture of modified 
nucleotide monomers, or treat the aptamer with various 
modifying reagents subsequent to oligonucleotide 
synthesis. As in any synthetic problem, the efficiency 
of the more convergent scheme is always preferred, 
making solid-phase synthesis of an aptamer with 
modified nucleotides of greater utility. In addition, 
chemical modification of aptamers after their synthesis 
can give a distorted representation of the intended 
library because of the relative reaction rates of the 
various starting reagents with the folded RNA. How- 
ever, building diversity via solid-phase oligonucleotide 
synthesis requires stream-lined methods to prepare the 
modified nucleoside phosphoramidite reagents. Ideally, 
modification of the nucleosides would require only a 
single additional step in the total synthesis of the 
phosphoramidite. We have developed such chemistry 
for the modification of both pyrimidine and purine 
nucleosides. 

Modified aptamer design 

In designing the post-SELEX aptamer library it is 
crucial that the modifications do not disrupt the folded 
aptamer. For example, all aptamers have secondary 

structural units that require specific functional groups 
for hydrogen bonding. Preferred modifications do not 
interfere with these essential hydrogen bonding groups. 
For this reason we have chosen the 5-position of 
pyrimidines, the 8-position of purines, and the 2'- 
position of all nucleotides as modification sites for 
aptamer library synthesis. Currently, approximately 80 
different modified pyrimidine or purine phosphorami- 
dites can be made by simple techniques or are 
commercially available. Choosing which modifications 
are desirable to include in the modified aptamer library 
can be decided in at least two ways. The first, and least 
rational approach is to introduce new functional groups 
in a completely random way, where hydrophobic, 
hydrophilic and charged (both negative and positive) 
groups are added with the hope that some combinations 
will be superior to the starting aptamer. The second 
approach requires some basic understanding of the 
protein epitope where the oligonucleotide binds and the 
identity of the side chains on or close to the protein 
surface. For the most part, the decision is about what 
type of groups n o t  to include because library size, 
partitioning methods and deconvolution techniques are 
limiting. 

Aptamers that contain functional groups capable of 
forming specific crosslinks to protein targets are 
attractive. The ultimate goal is to achieve slow tunable 
off rates for aptamer/target dissociation. The appended 
groups that crosslink may also contain hydrophobic, 
hydrophilic or charged functionality. A plethora of 
modified pyrimidine and purine nucleosides with 
reversible crosslinking groups can be easily assembled 
and the rationale for their inclusion into aptamers is 
simple. Reversible crosslinking chemistries are easily 
adapted to the selection of improved aptamers via 
competitive equilibrium binding. However, the scope of 
chemistries amenable to reversible crosslinking is 
limited because of the reactive groups available on 
proteins (amino, thiol, guanadyl and hydroxyl) that will 
react under physiological conditions. Nevertheless, 
numerous options exist. Crosslinking may be accom- 
plished by the formation of imine, acetal, ester and 
disulfide linkages, as well as, conjugate addition to Gt,13- 
unsaturated carbonyl linkers. Examples of 2t-deoxyur - 
idine nucleosides that are amenable to phosphorami- 
dite synthesis and inclusion into post-SELEX aptamer 
libraries are shown in Figure 4. Hydrophobic groups as 
small as vinyl (1) and as large as pyrenyl (13 and 14) 
have been successfully prepared in a single step. 38'39 
Numerous crosslinking carbonyl compounds (3, 6, 7, 
8, 9, 10, 11 and 14) with varying degrees of side-chain 
hydrophobicity have also been prepared in a single step. 
The reactivity of these carbonyl linkers could vary 
significantly depending on the aptamer-target interface. 

RNA uridine nucleoside modifications are shown in 
Figure 5. 29 Here hydrophobic groups have been 
attached in the form of ketones (17 and 18) 3o o r  amides 
(24 and 27). 40 The amides add new hydrogen bonding 
capabilities to the aptamer. Here too, crosslinking 
carbonyl groups can be attached to the 5-position of 
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Figure 4. A sample of modified 2'-deoxyuridines amenable to post- 
SELEX combinatorial mixed solid-phase synthesis. 

uridine (15, I6, 17 and 18). Figures 4 and 5 are only a 
sampling of the pyrimidine nucleosides that have been 
prepared and any functional group that may be 
appended to a DNA nucleotide can also be attached 
to an RNA nucleotide. It should be noted that while 
discussion here has been limited to 5-position modified 
uridines, related analogues of cytidine have been 
prepared so that the combinatorial modification of an 
aptamer can include either or both of the pyrimidine 
bases. 

Because most SELEX-derived aptamers contain a 
significant fraction of purine as well as pyrimidine 
nucleotides, facile chemistry for the elaboration of 
purine nucleosides has also been developed. Some 
examples that reveal the breadth of the chemistry are 
given in Figure 6. Both DNA and RNA purine 
nucleosides have been modified at the 8-position with 
a wide array of functional groups. Simple hydrophobic 
substituents can be attached to the 8-position (28, 29 
and 30), 4~ as well as varying degrees of steric bulk via an 
amide linkage (31, 33, 34, 37 and 38). 42 Hydrophilic (35) 
and charged (36 and 39) groups may also be appended 
to the 8-position of purine nucleosides. Finally, even 
functional groups that have a known affinity for a 
protein target can be attached to the 8-position of 
purine nucleosides. Biotinylated nucleosides depicted 
as 40 serve as an example. 

The remaining two sites available for modification of an 
aptamer are the 2'-position of RNA and the phospho- 
diester oxygens of both RNA and DNA. Here we will 
discuss our approach to the modification of the 2'- 

[No  
Figure 5. A sample of modified uridines amenable to post-SELEX 
combinatorial mixed solid-phase synthesis. 
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Figure 6. A sample of modified 2'-deoxyadenines, adenines and 
guanosines amenable to post-SELEX combinatorial mixed solid- 
phase synthesis. 

position (Fig. 7). Streamlined stereospecific methods 
for the synthesis of 2'-modified pyrimidine nucleosides 
have been reported previously. 43~5 The clear advantage 
of this chemistry is that essentially any hydroxyl amine 
and many amines can be used to form a wide array of 
uridine derivatives. As with the 5-position modification 
discussed above, hydrophobic functional groups (41, 42, 
43, 46 and 49) with wildly different topologies can be 
attached to the 2'-position. Hydrophilic (45 and 47) and 
reactive crosslinking groups can also be appended. The 
hydrophilic fucose derivative 45 can also be viewed as a 
lectin-specific affinity modification, superficially similar 
to the biotin derivative 40. The 2'-modification chem- 
istry provides another attractive feature. Uridine 48 can 
serve as a common intermediate that may be elaborated 
by substitution of the imidazole with a wide variety of 
hydrophobic, hydrophilic, charged and potential cross- 
linking groups, prior to activation as the phosphorami- 
dite reagent used in solid phase synthesis. Derivatives of 
48 with varying chain lengths can also be prepared. 
Finally, all of the 2'-modified uridines can be readily 
transformed into cytidines. 

The chemistry has been well developed for the facile 
modification of the 5 and Z-position of pyrimidine 
nucleosides and 8-position of purine nucleosides. 
Clearly, if only 20 of the nucleosides discussed were 
used in a post-SELEX combinatorial aptamer synthesis 
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Figure 7. A sample of modified uridines amenable to post-SELEX 
combinatorial mixed solid-phase synthesis. 
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the library would be enormous. For example, consider 
an aptamer of only 20 nucleotides in which every base 
was modified. The total library would be 202°, a number 
larger than Avogadro's number, making it impossible to 
get complete representation of every member of the 
library. To get complete coverage for all modifications 
of the library during the synthesis (typically 10-100 
gmol) requires selection of a limited number of 
modifications (<10) made at each site elaborated in 
the sequence. Clearly, very large libraries can be 
prepared; these libraries require efficient and stringent 
partitioning techniques. 

Partitioning 

Partitioning, by definition, is the separation of library 
members superior in the selected property from the 
remainder of the combinatorial mixture. Partitioning 
can be based on a number of desired functions 
including enhanced in vivo efficacy, improved nuclease 
resistance, or altered pharmacokinetics to render the 
modified aptamer better suited for pharmaceutical 
development. Regardless of the motivation, retaining, 
or more often increasing, the affinity of a given aptamer 
for its protein target is a common objective of all post- 
SELEX combinatorial strategies. Equilibrium dialysis 
and immobilized protein methods such as affinity 
chromatography are both viable partitioning techni- 
ques. Where increased protein affinity is the ultimate 
goal equilibrium dialysis is perhaps better suited. 

Equilibrium dialysis allows for binding competition 
between aptamers under excess oligonucleotide condi- 
tions while maintaining careful control of homogeneous 
protein concentration. Once partitioned, dissociation of 
selected aptamers from the target can be accomplished 
by a number of means including denaturing the protein, 
denaturing the oligonucleotide, reversing crosslinks or 
incubation with an excess of a competitive binder. 
Subsequently, the mixture of selected aptamers can be 
deconvoluted to determine the location and identity of 
beneficial modifications. 

Deeonvolution 

Identification of favorable modifications (deconvolu- 
tion) can be achieved by a number of means. Alkaline 
cleavage of hydrolytically unstable substitutions coupled 
with gel electrophoresis can be used to deconvolute 
certain libraries (see below) but is obviously limited. A 
similar, less restricted, approach based on nuclease 
stability could be envisioned. If a library was based on a 
modification which imparted some exonuclease stabi- 
lity, then advantageous changes could be identified by 
exonuclease incubation followed by electrophoretic 
analysis in a manner analogous to alkaline hydrolysis 
deconvolution. However, unambiguous identification 
could be obtained only if single modifications were 
employed. Multiple isotope labeling is an approach that 
would allow for more than one type of modified 
nucleotide to be introduced at a given position, but is 

restricted by the number of available isotopes and the 
enormous and tedious task of incorporating them into 
the combinatorial members. A much more straightfor- 
ward strategy which solves the generality problem while 
being able to locate and identify multiple modifications 
relies on electrospray mass spectrometry (ESMS) for 
deconvolution. 

Based on previous applications, ESMS could be well 
suited for the deconvolution of combinatorial oligo- 
nucleotide libraries. Mass spectral analysis has been 
demonstrated to be an effective means of analyzing 
small molecule combinatorial libraries. In addition, 
ESMS has revolutionized the sequencing of oligonu- 
cleotides 46 to such an extent that even subtle modifica- 
tions of natural ribonucleotides may be identified in 
cellular RNAs. 47 It is therefore a logical extension that 
ESMS could prove to be a powerful technique for the 
position-specific identification of favorable aptamer 
modifications. 

We have explored the feasibility of deconvoluting 
combinatorial oligonucleotide mixtures using ESMS 
sequencing by synthesizing a 12-mer oligonucleotide 
library in which three fixed positions were randomized 
with three thymidine analogues creating a library of 27 
unique sequences. Collisional dissociation of each 
parent ion produced secondary spectra from which it 
was possible to sequence each individual oligonucleo- 
tide from the library. 4s The sequencing data obtained 
from ESMS can distinguish each modified base, thereby 
identifying each unique molecule. While this library was 
relatively modest in population and oligonucleotide 
length, it pushed the limits of current ESMS sequencing 
technology suggesting that deconvolution of. larger 
libraries would be arduous. However, one can envision 
dissecting longer combinatorially modified aptamers 
into pieces of manageable sizes and sequencing them by 
ESMS. Cleavage positions can be generated by the 
judicious placement of hydrolytically labile ribose 
nucleotides. The following example outlines how this 
can be done combinatorially. 

The goal of this experiment with an L-selectin aptamer 
was to identify those deoxyribonucleotides in the 
aptamer that could be substituted with a ribonucleotide 
while maintaining affinity comparable to that of the 
original L-selectin aptamer. To this end, a combinatorial 
oligonucleotide library was synthesized wherein each 
member contained approximately one ribonucleotide 
substitution located at any position except the 3'- 
terminus. Partitioning was accomplished using nitrocel- 
lulose filter binding. The selected library members were 
then subjected to alkaline hydrolysis, analyzed by gel 
electrophoresis and compared to unselected ribose- 
modified oligonucleotides that had been hydrolyzed in 
an analogous manner. The results are shown in Figure 
8. The gel band pattern and the phosphorimage contour 
profile indicate that ribose substitution at each position 
in the unselected library is roughly equal. In contrast, 
the pattern for the partitioned oligonucleotides is 
noticeably different and suggests that certain ribose 



1094 B . E .  EATON et al. 

selected 
cc 

3 ~ A _  ^ C G T A 
G A G 

,!GcA~ T T G AA 

t C Tls 
G A 

T-A 
G-A 

lOG-C 
A 

AC'G 20 
unselected A-T 

s T-A 
G-A 
A-T 
C-G 

) 1 C-G 
/ 

CC 

25 
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Figure 9. Secondary structure model of  single-stranded DN A L- 
selectin aptamer  and structures of deoxy pyrimidine nucleotides used 
to create a combinatorial library. Modified nucleosides were randomly 
substituted at each T position in the aptamer  sequence. 

library complexities considerably larger than deconvo- 
lution limits allow can be employed. Combining this 
reduction with that obtained through dissection allows 
initial library complexity to approach 106-107 unique 
members. 

substitutions are detrimental to protein binding. With 
the information obtained, certain single ribose-modified 
oligonucleotides were individually synthesized and their 
affinity for the protein measured. All but one of the 
synthesized oligonucleotides representing tolerated 
ribose substitution displayed protein binding similar 
to, if not better than the original aptamer. 

Experiments such as this can be used to identify 
cleavage sites within an aptamer library. The fragments 
produced on cleavage are designed to be used for 
ESMS deconvolution in the following manner. After 
partitioning, the selected library can be hydrolytically 
cleaved into pools of fragments of known length and 
parent sequence. These pools, much less complex than 
the original library, could be resolved by ESMS and 
members identified using predicted molecular weights. 
With such an approach, beneficial modifications within 
complex combinatorial aptamer libraries consisting of 
thousands of members could be identified via the ESMS 
sequencing of much smaller sub-libraries. An aptamer 
cleaved into M pieces, each with a complexity N, would 
have a library population of M N, where N does not 
exceed the number of unique sequences that are 
resolvable using ESMS. For example, an aptamer 
library comprised of 390,625 unique members could 
be fragmented at three cleavage sites into four pools, 
each containing 25 distinct oligonucleotides. Each pool 
could be easily deconvoluted using ESMS. 

In practice, partitioning can also be used to reduce the 
library population to any desired level. For example, 
competitive partitioning using a 10-fold excess of 
oligonucleotide to target should result in isolation of a 
mixture a fraction of the original library size. Such a 
reduction following partitioning suggests that original 

C o n c l u s i o n s  

In closing, we describe work in progress with the L- 
selectin ligand illustrative of our current efforts at 
performing post-SELEX optimization. In particular, we 
are testing the feasibility of the ESMS approach for the 
deconvolution of post-SELEX combinatorial mixtures. 
A library was created by randomly substituting one of 
five base-modified thymidines at all T positions creating 
a library of 3125 members (Fig. 9). Three of the 
modifications presented methyl ketones to allow for 
schiff base formation between a given aptamer and a 
lysine side chain. In addition, ribo-cytidine and ribo- 
adenosine were incorporated at positions 7 and 17, 
respectively, to facilitate dissection of partitioned 
modified aptamers via alkaline hydrolysis. Thus, even 
without partitioning, the intricate library of 3125 26- 
mers can be disassembled into three modestly sized 
mixtures of five seven-mers, 25 10-mers and 25 nine- 
mers. Currently, ESMS deconvolution of the unselected 
library is being explored prior to partitioning experi- 
ments. 

We have described a general strategy for post-SELEX 
optimization of aptamers. A strong foundation for each 
of three steps comprising the process has been laid. 
Considerable progress has been made toward the 
synthesis of comprehensive libraries. Partitioning is 
quite specific to the particular function desired for 
optimization, and can be developed as needed. Finally, 
the deconvolution step is the primary focus of ongoing 
research. Nevertheless, we are at a sufficiently advanced 
stage where all three steps are being combined to 
pursue challenging combinatorial post-SELEX optimi- 
zation experiments. 
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Experimental 

Ribonucleotide-substituted L-selectin aptamer library 

The oligonucleotide library was synthesized on an ABI 
392 DNA synthesizer using standard DNA cycles and 
conditions except as indicated below. Reagents, includ- 
ing phosphoramidites, were obtained from Glen Re- 
search. All syntheses were performed at the 1 gmol 
scale using 500 A controlled pore glass (CPG) support 
from Millipore with the final dimethoxytrityl (DMT) 
protecting group removed prior to oligonucleotide 
cleavage from the resin. The ribonucleoside-doped 
library was prepared using appropriate phosphorami- 
dite reagents consisting of the deoxyribonucleoside (50 
mM) and the corresponding ribonucleoside (50 mM). U 
rather than riboT was used in all dT positions. 
Ribonucleotides were substituted at each position 
except for the 3'-terminal residue. The oligonucleotide 
library was cleaved from the CPG support and 
deprotected by incubation at 55 °C for 14 h in 1 mL 
of 6 M NH3/ethanol. Following filtration and concen- 
tration to dryness, the library was further deprotected 
by treating with 2 mL of 1 M tetratbutyl ammonium 
fluoride for 48 h at ambient temperature in the dark. 
The oligonucleotide mixture was then desalted by gel 
filtration through two Nap columns (Pharmacia) using 
100 mM triethylammonium acetate (TEAA) pH 7 as 
the eluent. After concentration to dryness, the sample 
was used directly in the binding experiments described 
below. 

Ribonucleotide-library binding to L-selectin and 
identification of tolerated sites of modification 

The library was gel-purified and 5'-end labeled by 
standard methods. The library's bulk Ka for L-selectin 
was determined by nitrocellulose filter binding to be 60 
nM. In a 50 gL volume, 1 x 1 0  6 cpm of the library, at 10 
nM, was incubated with 20 nM L-selectin in binding 
buffer (20 mM HEPES pH 7.5, 125 mM NaC1, 1 mM 
MgCl2, 1 mM CaCI2, 5 mM KC1, 0.01% (w/v) human 
serum albumin) at 37 °C for 15 min. Bound nucleic acid 
was recovered by filtration across a nitrocellulose filter 
(HAWP 013, Millipore). Nucleic acid was extracted 
from the filter by the addition of 300 gL, 5 M urea, and 
300 ~tL phenol. After 1 h at 22 °C, 200 taL ddH20 and 
200 laL chloroform were added, the tube was vortexed 
and centrifuged, and the aqueous phase removed. Five 
gg tRNA was added as a carrier and the nucleic acid 
was precipitated with ethanol. The unbound library 
sample was also subjected to the phenol/urea extraction 
and precipitation procedure. For alkaline hydrolysis at 
ribonucleotide positions, dried precipitate was resus- 
pended in ddH20, brought to 50 mM Na2CO3 pH 9.0/1 
mM EDTA and incubated at 95 °C for 2 h. Formamide 
was added to 50% and the samples separated on a 20% 
polyacrylamide/7Murea/1 x TBE gel, which was visua- 
lized using a Fujix BAS 1000 phosphorimager. Size 
markers were created by alkaline hydrolysis of the 

identical DNA sequence with five defined positions of 
ribonucleotide substitution. 

Modified deoxynucleotide-substituted L-selectin 
aptamer library 

The oligonucleotide library was synthesized on an ABI 
392 DNA synthesizer using phenoxyacetyl (Pac) pro- 
tected phosphoramidites and standard DNA cycles and 
conditions except as indicated below. Reagents, includ- 
ing unmodified phosphoramidites, were obtained from 
Glen Research. All syntheses were performed at the 1 
gmol scale using 500 A CPG support from Millipore 
with the final DMT protecting group retained prior to 
oligonucleotide cleavage from the resin. The oligonu- 
cleotide library was synthesized by using a modified 
nucleoside phosphoramidite mixture (0.20 mM solution 
of each of the pyrimidine bases shown in Fig. 9) at each 
dT position. In addition, ribonucleoside phosphorami- 
dites were substituted at positions seven and 17. 
Standard RNA synthetic cycles were used at all dT 
and ribonucleoside positions. The library was cleaved 
from the resin and deprotected by incubation in 1.2 mL 
of 75% concentrated NH4OH/ethanol for 48 h at room 
temperature. Removal of the silyl protecting groups and 
desalting were carried out as described above for the 
ribonucleotide modified library. The DMT-protected 
library was purified using a Rainin Dynamax HPLC 
equipped with a Rainin UV D-II dual wavelength 
detector. A Vydac C4 reverse phase preparatory HPLC 
column was used at a flow rate of 9 mL/min with 100 
mM TEAA pH 7.0 and acetonitrile (MeCN) as eluents. 
A 15-40% acetonitrile gradient over 20 min was 
employed. Fractions eluting between 10.5 and 16.5 
min were collected and concentrated to dryness. The 5'- 
DMT protecting group was removed by treating the 
oligos with 80% acetic acid at ambient temperature for 
1 h, after which time the sample was concentrated to 
dryness under reduced pressure. The fully deprotected 
oligos were HPLC purified using a 5-30% CH3CN 
gradient over 20 min. Fractions eluting between 8 and 
16 rain were collected and concentrated to dryness. 
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